The stereochemical factors that affect the hydrogenolysis of allylic and homoallylic terpenoid and steroidal functional groups by reagents involving catalytic, radical, hydride and ionising metal systems are described.
Introduction
Hydrogenolysis involves the replacement of a C-X bond by a C-H bond in a reaction in which X is typically a halogen, oxygen, sulfur, selenium or nitrogen or, less commonly, carbon. In some cases it may be difficult to distinguish between hydrogenolysis and the protonolysis of an organometallic intermediate. Although hydrogenolysis is most commonly encountered in the removal of protecting groups such as the benzyl group in synthesis, it occurs in many other situations. There are a number of structural features that promote the hydrogenolysis of a C-X bond involving the presence of an adjacent alkene, aryl or carbonyl group. The regiochemistry and stereochemistry of the reaction depend on the reagent, the conditions and the environment of the C-X bond. These features have been explored in many studies, particularly in the chemistry of the terpenoids and steroids where the cyclic structures enable the stereochemical consequences of the reactions to be more easily evaluated. The hydrogenolysis reactions of terpenoid and steroidal allylic and homoallylic alcohols and their derivatives, in which there is the potential for the participation of the double bond, form the subject of this review.
In the course of the chemical degradation of natural products, hydrogenolysis reactions have provided useful evidence for the relationships between functional groups. In subsequent work, these reactions have played an important role in the transformation of one natural product into another, particularly in the preparation of less readily available compounds from more abundant and more highly oxygenated sources. Useful stereochemical information concerning these reactions has been obtained during these studies.
Reducing agents can be divided into heterogeneous and homogeneous catalytic systems, radical reagents, hydride reagents and ionising ('dissolving') metal systems.
1 Hydrogenolysis reactions will be discussed in the context of these reagents. 
Catalytic reduction
Just as the stereochemical outcome of hydrogenation reactions is affected by the environment of the alkene, the catalyst and the solvent, so hydrogenolysis reactions reveal a number of similar effects. The stereochemistry of hydrogenolysis reactions may differ between those catalysed by platinum or palladium and those catalysed by nickel, 3 and also between those carried out in ethanol, ethyl acetate or acetic acid. Thus both 3α-phenylcholestan-3β-ol (1, R = αPh, βOH) and its epimer 3β-phenylcholestan-3α-ol (1, R = αOH, βPh) gave the equatorial 3β-phenylcholestane (1, R = αH, βPh) when hydrogenated over Raney nickel in refluxing ethanol. 4 However, 3α-phenylcholestane (1, R = αPh, βH) was obtained when 3α -phenylcholestan-3β-ol was stirred with Raney nickel in ethanol at room temperature. The axial 3α-phenylcholestane could be isomerised to the equatorial 3β-phenylcholestane under the hydrogenolysis conditions in refluxing ethanol. These and more recent studies 5 on the mechanism of hydrogenolysis of benzylic systems have suggested that different surface processes may be occurring. The first step may involve the cleavage of the C-X bond to generate a benzylic radical. This may either immediately react with hydrogen or there may be the opportunity for a conformational equilibrium to be established, as in the epimerisation of an axial to an equatorial group. A complete alternative may involve a substitution with inversion of the C-X configuration.
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The hydrogenation of the allylic alcohols related to cholest-4-ene (2, R 1 = R 2 = H 2 ) has been studied in the context of their influence on the stereochemistry at C5 arising from the reduction of the alkene. 6 These experiments were accompanied by hydrogenolysis of the alcohols. Catalytic reduction of cholest-4-ene itself over palladium in acetic acid gave mainly 5α-cholestane, but in a neutral solvent such as ethanol the reaction proceeded more slowly and gave significant amounts of 5β-cholestane. The addition of sodium nitrite to the ethanol led to a mixture of the C5 epimers. The hydrogenation of 3β,6β-dihydroxycholest-4-ene (2, R 1 = R 2 = αH, βOH) over a platinum or rhodium catalyst was particularly interesting from a stereochemical point of view. This gave 3β,6β-dihydroxy-5β-cholestane (3, R 1 = R 2 = αH, βOH) accompanied by 3β-hydroxy-5α-cholestane (1, R = αH, βOH). As in other situations, the axial 6β-hydroxyl group underwent hydrogenolysis in preference to the equatorial 3β-hydroxyl group. The formation of the 5β-cholestane retaining the 3β,6β-diol suggests that the 6β-alcohol binds to the catalyst surface to influence the stereochemistry of reduction of the 4-ene. Once hydrogenolysis of the axial 6β-hydroxyl group has taken place, the equatorial 3β-hydroxyl group has less influence on the stereochemistry of reduction of the 4-ene, and the catalytic hydrogenation proceeds from the less hindered α-face of the molecule. Catalytic hydrogenation of various steroidal 4-enes possessing a 3,3-ethylene ketal (e.g. 2, R 1 = OCH 2 CH 2 O, R 2 = H 2 ) gave a mixture of 5α-and 5β-cholestanes with up to 40% unidentified hydrogenolysis REVIEW products. 7 The highly hindered tetra-substituted double bond of 3-formyl-A-norandrost-3(5)-en-17-one (4, R = 0) was resistant to hydrogenation over palladium on charcoal, and instead the aldehyde underwent hydrogenolysis to form a methyl group (4, R = H 2 ). 8 The effect of axial allylic C-O bonds on hydrogenolysis is revealed by the catalytic hydrogenation of methyl gibberellate (5, R 1 = R 2 = OH), in which both the lactone and the 3β-hydroxyl groups are axial substituents on ring A. Hydrogenation of methyl gibberellate over platinum in methanol or palladium:charcoal in ethyl acetate gave methyl tetrahydrogibberellate and a 30-70% yield of a mixture of acids arising from hydrogenolysis of the lactone ring. 9 Careful separation of the hydrogenolysis acids revealed the formation of 1(10)-and 9(10)-alkenes (6), which then underwent further hydrogenation to give the ring A/B cis-fused fully hydrogenated acids (7). 10 The 13-desoxy relative, gibberellin A 7 methyl ester (5, R 1 = OH, R 2 = H) with the same ring A structure, behaved similarly, 11, 12 while catalytic hydrogenation of the alkaline isomerisation product (8) gave mainly hydrogenolysis acids. 13 Selectivity in the reduction of the 1,2-double bond of gibberellic acid and its 13-desoxy relative, in which the 16,17-double bond was untouched, could be achieved by carrying out the hydrogenation over palladium on barium carbonate in the presence of pyridine. This reduction was accompanied by hydrogenolysis.
14 The relactonisation of the hydrogenolysis acids, 12 their use in the synthesis of 19-desoxygibberellins, 15 and in the conversion of C 19 to C 20 examined. We will return to the hydrogenolysis of derivatives of gibberellins with tri-n-butyltin hydride and with zinc and acetic acid later.
π-Allyl complexes in hydrogenolysis
The formation and reduction of π-allyl complexes, particularly those derived from allylic acetates and palladium, have provided a valuable method for differentiating between the hydrogenolysis of an allylic substituent and the hydrogenation of an alkene. 17, 18 There are two underlying pathways for hydrogenolysis involving a palladium:π-allyl complex that depend on the way in which the hydrogen is delivered. These determine the outcome and, in particular, the stereochemistry of the hydrogen that is delivered and the location of the alkene that remains. In the first (Scheme 1) the hydrogen is provided by ammonium formate or triethylamine and formic acid and is delivered via the palladium. In the second the hydrogen is delivered from a hydride reagent (vide infra). The π-allyl complex may be generated from an allylic acetate 19 or carbonate 20 using palladium acetate or chloride and triphenylphosphine or tributylphosphine. With a formate as the reductant, the hydrogen may be delivered via a bulky palladium complex involving a cyclic transition state. Thus, geranyl acetate (9, R = CH 2 OAc), or better the carbonate, gave predominantly the 1-alkene using formic acid and triethyamine as the hydrogen source .
The stereochemistry of the palladium complex, and thus the delivery of the hydrogen, has provided a method for the
stereocontrolled formation of cis and trans ring junctions. This has been illustrated 21 by the palladium-catalysed regio-and stereoselective hydrogenolysis of the epimeric 3-formates of cholest-4-ene. The formation of the initial π-allyl complex involved displacement of the formate ester with inversion of configuration. The hydrogen was then delivered by decomposition of the palladium:formic acid complex. Thus the 3α-formate (2, R 1 = αOCHO, βH, R 2 = H 2 ) gave 5β-cholest-3-ene (11, R = βH), while the 3β-formate (2, R 1 = αH, βOCHO, R 2 = H2) gave 5α-cholest-3-ene (11, R = αH).
The geometry of the alkene, and consequently that of the palladium π-allyl complex, also has a bearing on the stereochemistry of the product. This was exploited 22, 23 in the preparation of the natural and un-natural C20 epimers of the steroid side chain (Scheme 2). Reaction of the (E) and (Z)-alkenyl lithiums with a C20 keto-steroid gave the corresponding allylic alcohols that were converted to their carbonate esters. Hydrogenolysis of the π-allyl complex derived from the (Z)-allylic carbonate with ammonium formate as the hydrogen source gave the natural C20 epimer (12) , while the (E) isomer gave the un-natural epimer (13) . In the latter case, in order to relieve steric interactions involving the bulky palladium complex, there was rotation around the C20:C22 bond. This placed the palladium on the opposite face of the side chain at C20 when compared to the complex from the (Z) alkene, and hence the hydrogen was delivered to C20 to give the epimer.
The reduction of the π-allyl palladium complexes has been carried out with a variety of hydride reagents, including sodium borohydride. In many cases the geometrical isomers, geranyl and neryl acetates (9 and 10, R = CH 2 OAc) were used as test substrates. Thus, sodium cyanoborohydride, samarium iodide, 27 gave a mixture of 1-and 2-alkenes from both isomers. However, by using the bulky lithium triethylborohydride as the hydride donor, 28 the regio-and stereochemical integrity of the double bond was maintained. A similar result was obtained with butylzinc chloride as the hydrogen donor. 29 A conjugate reduction took place when an unsaturated ketone such as citral, β-ionone or a more complex steroid such as a withanolide was used as the substrate with a tin hydride as the hydrogen donor. 30 Thus the citrals (9 and 10, R = CHO) gave the dihydroaldehyde, citronellal. A potentially useful reaction involved hydrogenolysis of the acetate of citral cyanohydrin. 26 In this case the allylic acetate (9, R = CH(OAc)CN) gave the conjugated nitrile (14) as the major product.
Nickel chloride has been used 31 as an alternative to palladium to activate an allylic acetate, but with less success. Its use was exemplified in the monoterpene series. Thus, myrtenol acetate (15, R = OAc) gave a mixture of α-pinene (15, R = H) and the complete reduction product, α-pinane.
Hydrogenolysis with tri-n-butyltin hydride
Tri-n-butyltin hydride, particularly in combination with the radical initiator azobisisobutyronitrile (AIBN), is a useful reagent for the hydrogenolysis of alkyl halides and
14

CN R
15
REVIEW derivatives of alcohols. [32] [33] [34] It has had widespread application in the transformation of natural products including a number of terpenoid and steroidal allylic and homoallylic systems. The radical chain nature of the reaction diminishes the occurrence of the rearrangements and eliminations that are characteristic of many ionic systems, while the affinity of tin for sulfur has been exploited in the derivatives of alcohols that have been used in deoxygenation reactions. 35 Thus the reaction of the C3 thiobenzothiazole derivative (16, R = αH, βS-(C 7 H 4 NS), R 2 = H) of the homoallylic alcohol cholesterol gave cholest-5-ene (16, R 1 = H 2 , R 2 = H) without the formation of the 3,5-cyclosteroid, 36 while the thiocarbonate of lanosterol, a 4,4-dimethylsterol, gave a reduction product 37 and not a ring contraction product typical of an ionic rearrangement of this compound. The absence of rearrangements and possible fragmentation reactions was exploited in the selective hydrogenolysis of 18-chloro-7-hydroxykaurenolide (17, R = C1) in the conversion of the more readily available 7,18-dihydroxykaurenolide (17, R = OH) to the less readily available 7-hydroxykaurenolide (17, R = H). 38 The stereochemistry of the diaxial halohydrin formation from an alkene is determined by the electrophilic attack by the halonium ion. Radical hydrogenolysis of the halogen can afford an alcohol possessing a regio-and stereochemistry that differ from those obtained from the alkene by hydroboration or reduction of an epoxide. This has been applied in a number of situations in the terpenoids and steroids. 39 The selectivity shown by tri-n-butyltin hydride for the hydrogenolysis of a halogen was revealed 40 by the reduction of a 4β-acetoxy-3α-chloro-∆ 5 -steroid (16, R 1 = αCl, βH, R 2 = OAc) to the 4β-acetoxy-∆ 5 -steroid (16, R 1 = H 2 , R 2 = OAc) despite the presence of the allylic axial 4β-acetoxy group and the potential for the axial 3α-chlorine to undergo elimination.
Studies of the stereochemistry of the hydrogenolysis reactions using tri-n-butyltin hydride have been shown, particularly in the carbohydrate area, 34 to be determined by the stereochemistry of substituents adjacent to the C-O or C-halogen bond that is being displaced. 41, 42 There are a number of examples from the chemistry of the terpenoids.
Gibberellic acid is the most readily available of the gibberellin plant hormones. Consequently, it has formed the starting material for conversion to the less readily available compounds by sequences in some of which tri-n-butyltin hydride has played an important role. [43] [44] [45] [46] In the course of this work the hydrogenolysis of gibberellin 1-and 3-chloro derivatives, 3-thiobenzoates and 3-thioimidazole derivatives including the allylic lβ-chloro-2-enes (18, R = Cl) by tri-n-butyltin hydride, has been shown to occur from the less hindered β-face of ring A. The tri-n-butyltin hydride reduction of allylic 3α-chloro-1-ene and the isomeric 1β-chloro-2-enes gave the same mixture of 1-and 2-enes (3:7) (5, R 1 = H, R 2 = OAc and 18, R = H), reflecting the relative stability of these alkenes and axial access to the delocalised allylic radical by the bulky tri-n-butyltin hydride. 44 However, the selective deuteriation of 2β-halo-3-oxogibberellins using tri-n-butyltin [ 2 H]hydride gave 47 predominantly the 2α-deuterio compound, possibly through the axial deuteriation of the enolic radical. The deuteriation of ring A of the gibberellins was important in the context of metabolic studies.
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The tri-n-butyltin hydride hydrogenolysis of an allylic 13-methanesulfonate (5, R 1 = OH, R 2 = OSO 2 Me) afforded a 13-deoxygibberellin (5, R 1 = OH, R 2 = H). 49 The tri-n-butyltin hydride deoxygenation of the tertiary C13 methoxalyl ester (5, R 1 = OAc, R 2 = OCOCO 2 Me) also provided 50 an efficient method for preparing the less readily available 13-desoxygibberellins under conditions that avoided the Wagner-Meerwein rearrangement that is characteristic of this system.
Hydrogenolysis with lithium aluminium hydride
Lithium aluminium hydride, either alone or in combination with aluminium trichloride, has been widely used in hydrogenolysis reactions. The reduction of the methanesulfonates and toluenep-sulfonates of alcohols with lithium aluminium hydride leads to hydrogenolysis of the C-O bond. Early stereochemical studies with the toluene-p-sulfonate (16, R 1 = αH, βOTs, R 2 = H) of the homoallylic alcohol cholesterol using lithium aluminium deuteride and an infrared method of assay, led to the suggestion 51 that the reaction proceeds with retention of configuration, unlike the situation with a saturated alcohol. Since 6β-deuterio-3,5-cyclocholestane was also isolated, it was proposed that a 3,5-cyclo steroid participated as an intermediate. However, repetition of the hydrogenolysis reaction using 3β-toluene-p-sulfonoxyandrost-5-en-17-one and lithium aluminium deuteride, as well as that of 3β-iodoandrost-5-en-17-one with zinc and [ 2 H]acetic acid and a 2 H NMR method of assay, led 52 to the conclusion that the reaction was not as stereospecific as previously reported.
The participation of a suitably placed homoallylic double bond in hydrogenolysis reactions has been observed in other situations. For example, the reduction of the toluene-p-sulfonate of the α-pinene relative crysanthenol (19) with lithium aluminium hydride gave a tricyclic compound (20) . 53 Reduction of the allylic pyridinium sulfate of geraniol (9, R = CH 2 OSO 3 − Pyr.+) and farnesol with lithium aluminium hydride gave the corresponding hydrocarbon, e.g. trans-2,6-dimethylocta-2,6-diene without rearrangement of the double bond. 54 The hydrogenolysis of αβ-unsaturated ketones and the corresponding allylic alcohols with a combination of lithium aluminium hydride and aluminium trichloride has been quite widely reported. Thus, cholest-4-en-3-one (2, R 1 = O, R 2 = H 2 ) and the corresponding 3-hydroxycholest-4-enes gave 55 cholest-4-ene (2, R 1 = R 2 = H 2 ). The use of lithium aluminium deuteride and the epimeric 3-alcohols showed that, although the reaction proceeded with predominant retention of configuration, there was some inversion, with the implication that several pathways may be involved. 56 Cholest-4-ene-3,6-dione (2, R 1 = R 2 = O) gave cholest-4-en-6-one (2, R 1 = H 2 , R 2 = O) in which the 3-ketone was preferentially removed. However, the 4,6-dien-3-one gave a mixture of dienes. The hydrogenolysis of unsaturated ketones and the corresponding allylic alcohols in the monoterpene series gave the alkenes to be expected by reduction of the allylic carbonium ion but with retention of configuration of the alkene. 58, 59 Thus (+)− carvone (21, R = O) gave racemic limonene (22) and only a trace of chiral material. Geraniol (9, R = CH 2 OH) gave 3,7-dimethylocta-1,6-diene (14%) and trans-3,7-dimethylocta-2,6-diene (60%). On the other hand the cis isomer, nerol (10, R = CH 2 OH), gave cyclisation products including p-menthadiene.
The hydrogenolysis of steroidal allylic alcohols with a mixed hydride reagent derived from lithium aluminium hydride and titanium tetrachloride has been shown to give results with steroids that are similar to the aluminium trichloride systems. 60 The hydrogenolysis of steroidal ethylene ketals has been investigated 61 using a 1:1 mixture of lithium aluminium hydride and aluminium trichloride. The AlH 2 Cl that was formed behaved both as a Lewis acid and as a hydride donor. Thus, reduction of 3,3-ethylenedioxycholest-5-ene gave 3β-(2'-hydroxyethoxy)cholest-5-ene.
Hydrogenolysis with ionising metals
The hydrogenolysis of terpenoid and steroidal allylic alcohols and their derivatives by ionising ('dissolving') metals such as sodium or lithium in liquid ammonia (Birch reduction) or zinc and acetic acid has been reported on a number of occasions. Thus, reduction of sabinol (23) by sodium in ammonia gave α-thujene (24), while myrtenol (15, R = OH) gave α-pinene (15, R = H). 62 The latter was also obtained from myrtenyl bromide (15, R = Br) using sodium in ethanol. 63 Lithium in ethylamine also cleaved methyl ethers. Thus the chiral methyl ether (21, R = αH, βOMe) gave a racemic product (22) , 64 indicating the intervention of a mesomeric carbonium ion.
The relative thermodynamic stability of the resultant alkenes may determine the composition of the products. Thus, hydrogenolysis of 3β-acetoxy-, 3β-hydroxy and 3β-methoxycholest-4-ene as well as 3β,6β-diacetoxycholest-4-ene (2, R 1 = R 2 = αH, βOAc) with lithium in ethylamine gave cholest-4-ene (2, R 1 = R 2 = H 2 ). However, 3β-acetoxycholest-1-ene gave cholest-2-ene rather than the less stable 1-ene. 64 As part of a synthesis of the side chain of 24-dehydrocholesterol, the allylic 23-methoxy-24-ene was hydrogenolysed with lithium in ethylamine. 65 Zinc and acetic acid have also been used to effect similar reactions. Thus, hydrogenolysis of 6β-acetoxycholest-4-en-3-one (2, R 1 = O, R 2 = αH, βOAc) gave cholest-4-en-3-one (2, R 1 = O, R 2 = H 2 ), 66 while in the course of the synthesis of 19-norsteroids, a 6β,19-ether was cleaved to the 19-hydroxymethyl derivative. 67 The hydrogenolysis of unsaturated sesquiterpenoid lactones such as those related to santonin (25) has been important in establishing inter-relationships in this series of natural products. 68 
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Chromium(II) chloride has also been used in this context. 69 The reaction of the 3,13-diacetate of methyl gibberellate (5, R 1 = R 2 = OAc) gave an unusual product. This was originally formulated as (5, R 1 = Ac, R 2 = OAc) involving an acylation reaction. 70 However, re-examination of the NMR spectrum of the product led 71 to the structure (26), which could have arisen from the hetero-Diels-Alder addition of a mixed anhydride across a diene (27) . The latter could be obtained by the action of zinc in acetonitrile on the 3,13-diacetate of methyl gibberellate.
Conclusion
In conclusion, the regio-and stereochemistry of the products of hydrogenolysis of allylic and homoallylic terpenoid and steroidal functional groups depend on the stability of the intermediates and the preferred direction of approach of the reagent that delivers the hydrogen atom and the rapidity with which this second step occurs. The nature of the solvent and the presence of particular additives may also affect the outcome. An axial conformation of the functional group favours its displacement by hydrogenolysis, while the alkene that is adjacent to the functional group can provide stabilisation to the intermediate by delocalisation, and this may then determine the centre to which the hydrogen atom is eventually added. 
